The emergence of the field of osteoimmunology has led to a conceptual rethinking of various biological phenomena that connect the functions of bone and the immune system 1 . The recognition that bone provides a microenvironment that is crucial for the development of haematopoietic stem cells (HSCs) 2, 3 (from which all cells of the mammalian immune system are derived), coupled with the discovery that bone-resorbing osteoclasts are also derived from HSCs 4 , has provided substantial impetus for this line of inquiry. At a molecular level, perhaps the most critical work in osteoimmunology of the past two decades has been the discovery and characterization of the receptor activator of nuclear factor-κB (RANK)-RANK ligand (RANKL)-osteoprotegerin (OPG) axis 5 . This receptor-cytokine-decoy receptor system provides key signals that control intercellular communication between bone cells and immune cells and is an important regulator of bone homeostasis and the development of bone-related autoimmune diseases 5, 6 . RANK-RANKL-OPG interactions were initially characterized during investigations into their crucial role in maintaining bone homeostasis and turnover [7] [8] [9] [10] [11] . Specifically, RANK expressed on the cell surface of pre-osteoclasts and osteoclasts must bind to RANKL on other cells in the bone microenvironment, such as osteoblasts, to trigger differentiation and activation programmes; however, the triggering threshold for cell activation via RANK-RANKL interaction is determined by the relative expression of OPG, which interferes with RANK-RANKL binding by acting as a decoy receptor for RANKL 5, 12 . This axis can also be seen in other cell types that utilize RANK for biological functions, including immune cells. Importantly, this discovery has led to the development of a successful treatment for osteoporosis and metastasis-related bone loss, in which RANKL is targeted with a therapeutic antibody 13, 14 . A similar treatment could potentially be useful for patients with rheumatoid arthritis (RA) 15 . Outside of the clinical setting, there have been numerous technical developments that have greatly improved the study of biological phenomena related to bone cellimmune cell interactions, including improved genetic and imaging tools. For these reasons and others, it is important to continue to uncover and contextualize the mechanisms of interactions between bone and the immune system. In this Review, we discuss key emerging areas of interest in osteoimmunology research, including the role of microbiota and related innate signalling pathways in bone homeostasis, and the increasing appreciation of the Abstract | Osteoimmunology encompasses all aspects of the cross-regulation of bone and the immune system, including various cell types, signalling pathways, cytokines and chemokines, under both homeostatic and pathogenic conditions. A number of key areas are of increasing interest and relevance to osteoimmunology researchers. Although rheumatoid arthritis has long been recognized as one of the most common autoimmune diseases to affect bone integrity, researchers have focused increased attention on understanding how molecular triggers and innate signalling pathways (such as Toll-like receptors and purinergic signalling pathways) related to pathogenic and/or commensal microbiota are relevant to bone biology and rheumatic diseases. Additionally, although most discussions relating to osteoimmune regulation of homeostasis and disease have focused on the effects of adaptive immune responses on bone, evidence exists of the regulation of immune cells by bone cells, a concept that is consistent with the established role of the bone marrow in the development and homeostasis of the immune system. The active regulation of immune cells by bone cells is an interesting emerging component of investigations that seek to understand how to control immune-associated diseases of the bone and joints.
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. The recognition that bone provides a microenvironment that is crucial for the development of haematopoietic stem cells (HSCs) 2, 3 (from which all cells of the mammalian immune system are derived), coupled with the discovery that bone-resorbing osteoclasts are also derived from HSCs 4 , has provided substantial impetus for this line of inquiry. At a molecular level, perhaps the most critical work in osteoimmunology of the past two decades has been the discovery and characterization of the receptor activator of nuclear factor-κB (RANK)-RANK ligand (RANKL)-osteoprotegerin (OPG) axis 5 . This receptor-cytokine-decoy receptor system provides key signals that control intercellular communication between bone cells and immune cells and is an important regulator of bone homeostasis and the development of bone-related autoimmune diseases 5, 6 . RANK-RANKL-OPG interactions were initially characterized during investigations into their crucial role in maintaining bone homeostasis and turnover [7] [8] [9] [10] [11] . Specifically, RANK expressed on the cell surface of pre-osteoclasts and osteoclasts must bind to RANKL on other cells in the bone microenvironment, such as osteoblasts, to trigger differentiation and activation programmes; however, the triggering threshold for cell activation via RANK-RANKL interaction is determined by the relative expression of OPG, which interferes with RANK-RANKL binding by acting as a decoy receptor for RANKL 5, 12 . This axis can also be seen in other cell types that utilize RANK for biological functions, including immune cells. Importantly, this discovery has led to the development of a successful treatment for osteoporosis and metastasis-related bone loss, in which RANKL is targeted with a therapeutic antibody 13, 14 . A similar treatment could potentially be useful for patients with rheumatoid arthritis (RA) 15 .
Outside of the clinical setting, there have been numerous technical developments that have greatly improved the study of biological phenomena related to bone cellimmune cell interactions, including improved genetic and imaging tools. For these reasons and others, it is important to continue to uncover and contextualize the mechanisms of interactions between bone and the immune system. In this Review, we discuss key emerging areas of interest in osteoimmunology research, including the role of microbiota and related innate signalling pathways in bone homeostasis, and the increasing appreciation of the effects that bone cells have on immune cells. This Review is not a comprehensive overview of osteoimmunology; for a detailed picture of signalling pathways related to osteoimmunology, see other reviews 6, [16] [17] [18] . Inevitably, some important studies might be overlooked in this Review but, in itself, this fact is testament to the rapidity of progress in osteoimmunology research.
Bone damage in rheumatoid arthritis
Bone homeostasis has an important role in regulating the quality of an immune response, and dysregulation of the immune system can have deleterious consequences for bone integrity. RA, one of the most common autoimmune diseases in which bone integrity is compromised, is characterized by chronic inflammation and synovial hyperplasia that eventually lead to the destruction of cartilage and bone. RA is the result of a loss of immune tolerance to a specific type of modified self-antigen, which is processed by antigen-presenting cells and presented on MHC molecules to CD4 + effector T cells that then recruit other cells of the adaptive immune system (CD8 + T cells and B cells). T cells have important roles in the onset and pathogenesis of RA, particularly in the initial phase of the autoimmune reaction and in inducing local inflammation in the joints 19 ; however, the bone destruction seen in patients with RA is caused by hyperactivation of osteoclasts, leading to increased bone resorption 20, 21 (FIG. 1) .
Osteoclasts are formed when RANK-expressing monocytes differentiate following the binding of RANK to RANKL, which is expressed as both surface-bound and soluble forms by synovial fibroblasts and T cells in joints affected by RA or adjuvant-induced arthritis [22] [23] [24] [25] . Since RANKL is expressed by various subsets of activated T cells, T cell-derived RANKL was initially proposed to be a main contributor to the enhanced osteoclastogenesis seen in RA 26, 27 . However, co-culture experiments revealed that CD4 + T helper (T H ) cells could inhibit osteoclastogenesis by producing anti-osteoclastogenic cytokines such as IFNγ 28 . T H cells, as well as regulatory T (T reg ) cells, can also produce strong inhibitors of osteoclastogenesis, such as IL-10, IL-4, OPG or cytotoxic T lymphocyte protein 4 (CTLA4), which counterbalance the action of RANKL [29] [30] [31] , implying that the contribution made by T cells towards osteoclastogenesis is not straightforward. Anti-citrullinated protein antibody (ACPA)-producing B cells can also promote the differentiation of monocytes into osteoclasts in RA 32, 33 , and immune complexes can directly promote osteoclast differentiation in human and mouse cells in vitro 34, 35 .
CD4
+ T H cells, which can be divided into T H 1, T H 2, and T H 17 cell subsets, are indispensable for the initiation of RA. Collagen-induced arthritis (CIA) and the K/B×N mouse model 36 , together the most widely used mouse models of RA, both require CD4 + T cells for the full induction of disease 36, 37 , and antibody-mediated CD4 + T cell depletion can substantially diminish disease severity in these models. CD4
+ and CD8 + T cells that infiltrate synovial tissue in patients with RA express high levels of CD40 ligand (CD40L) 38, 39 , and the expression of CD40L on these cells positively correlates with disease activity, suggesting a possible role for the CD40-CD40L pathway in the pathogenesis of RA 39 . Cytokines typically produced by T H 1 cells (such as IFNγ) and T H 2 cells (such as IL-4) exert inhibitory effects on osteoclastogenesis, and these T H cell subsets are not thought to be involved in bone damage in RA 19, 31 . T H 17 cells, which promote the development of autoimmune diseases by producing IL-17, are recognized to be a pathogenic subset of CD4 + T cells in RA. The development of CIA is markedly diminished in IL-17A-deficient mice 40 or by antibody-mediated IL-17 blockade 41 , and IL-17 promotes osteoclastogenesis by upregulating RANKL expression on osteoblasts and synovial fibroblasts 42, 43 . When naive CD4 + T cells from SKG mice, which have a mutation in Zap70 that results in the spontaneous development of RA-like disease, are adoptively transferred into Rag2 −/− mice, the recipient mice developed arthritis and had increased numbers of joint-infiltrating T H 17 cells 44 . However, disease was not observed when CD4 + T cells from Il17 −/− SKG mice were transferred to Rag2 −/− mice, demonstrating the need for T H 17 cells in disease development 44 . T H 17 cells can also induce osteoclastogenesis by producing IL-17A, which stimulates RANKL expression on osteoclastogenesissupporting cells, including osteoblasts and synovial fibroblasts 42, 45 . Furthermore, IL-17 produced by T H 17 cells induces innate immune cells, including macrophages and dendritic cells, as well as synovial fibroblasts and endothelial cells, to express pro-inflammatory cytokines (such as IL-6 and TNF) and matrix-degrading enzymes, which leads to further upregulation of RANKL in synovial fibroblasts and an amplification of chronic inflammation 45, 46 . T H 17 cells express RANKL, but T H 17 cell-derived RANKL seems not to be directly involved in osteoclastogenesis 45 . Interestingly, a subset of FOXP3 + T reg cells in the joints of mice with CIA can be converted into a pathogenic subset of T H 17 cells that have a distinct pattern of gene expression and potent osteoclastogenic capacity 47 . Taken together, these results indicate that T H 17 cells are a pathogenic subset of CD4 + T cells in RA that should continue to be researched to further our understanding of the pathogenesis of RA.
Microbiota, innate immunity and bone
In the past few years, increased attention has been paid to understanding how molecular triggers and innate signalling pathways related to pathogenic and/or commensal microbiota are related to the activation and regulation of immune cells 48, 49 . Similarly, how these immune stimuli regulate bone-related homeostasis and pathology, including rheumatic diseases, is also of interest 50, 51 . The following section highlights studies that explain the ways in which microbiota, innate immune signalling pathways and bone biology interact. For comprehensive reviews of osteoimmune-related signalling pathways that involve adaptive pathways and cytokine production, see previously published works 6, 52, 53 .
Microbiota and bone homeostasis
The vast majority of cells in the body are not selfderived, but instead are commensal, symbiotic or pathogenic microbiota. The more than 1,000 different strains of bacteria (mostly from the phyla Firmicutes and Bacteroidetes) reside primarily in the gut, but are also found on other mucosal tissues, such as those lining the lung, oral cavity and genitourinary tract and vary between individuals 54 . Microbiota do not only affect the physiology of the gut, as dysbiosis of the commensal microbiota lining the gut and other mucosal tissues can also affect non-mucosal organ systems 55 . Microbiota affect host biology by putting direct pressure on nutrient homeostasis (large populations of resident bacterial cells have high nutrient needs that can adapt or change depending on diet of the host); by the systemic dissemination of pathogen-associated molecular patterns (PAMPs) or microbiota-associated molecular patterns (MAMPs) that act on, or trigger, pattern-recognition receptors (such as Toll-like receptors (TLRs)) on organ-specific tissue cells; and by activating mucosal immune responses 48, 56, 57 that can exert effects on distal tissues including bone 58, 59 . A defining feature of the immune system is the ability to differentiate self from non-self, and mechanisms have evolved to determine whether, and under what conditions, immune cells tolerate microbiota 48 . Therefore, the presence of both commensal and pathogenic microbiota, and the indirect effects their presence has on the host, is regulated by the immune system 48, 60 . In the past few years, however, increased attention has been paid to how microbiota affect bone, during both development and homeostasis 50 , and to how these interactions might be mediated by the immune system (FIG. 2) .
Experimental models for microbiota research. Currently, there is limited evidence for the effects of microbiota on bone in a clinical context, but important advances in this field have been made in experimental animal studies 50 .
The most direct, although somewhat resource-intensive, approach for determining the effects of microbiota on bone and bone cell-immune cell dynamics is to use gnoto biotic animals, such as germ-free mice, that are bred and housed in aseptic conditions so that their exposure to microbiota is extremely limited 61, 62 . However, it is important to understand that mice kept in these conditions exhibit developmental and homeostatic irregularities that affect the immune system 61, 63, 64 , in particular in the T reg cell-T H 17 cell balance that might be critical for controlling autoimmune conditions like RA 65, 66 . Studies using germ-free mice have shown that the absence of microbiota affects bone growth; for example, mature female germ-free C57BL/6J mice have increased bone mass, decreased numbers of osteoclasts on the bone surface, decreased numbers of T cells in the bone marrow and decreased levels of TNF in the bone compared with mice kept under specific pathogen-free (SPF) conditions, results which the authors suggest provide a mechanistic explanation for microbiota-associated effects on the immune system affecting bone homeostasis 67 . Importantly, the observed phenotypes were reversed by treating germ-free mice with faecal microbiota from syngeneic SPF mice, suggesting that the presence of gut microbiota promotes bone resorption 67 .
To complement studies using germ-free mice, the treatment of SPF mice with antibiotics can be a useful means of demonstrating the effects of microbiota on bone. SPF mice treated with low-dose antibiotics experienced a significant, if temporary, increase in bone mineral density, suggesting that the presence of microbiota had a catabolic effect on bone 68 . By contrast, the results of another study suggested that microbiota actually promote bone growth, as newborn SPF mice were found to have a higher bone mass, cortical thickness and femur length than germ-free neonates 69 . In fact, microbiota can promote both bone growth and bone resorption; the key to determining the net effects of these processes might be related to the duration of exposure to microbiota 70 . In a study exploring this concept 70 , the production of insulin growth factor 1 (IGF1) by liver and adipose tissue was induced by microbiota, and was a key factor in promoting bone growth. Modulation of serum IGF1 levels could be observed in germ-free mice colonized with SPF microbiota whereas SPF mice had reduced IGF1 expression and associated bone formation. Interestingly, 
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Pro-inflammatory cytokines and chemokines Nature Reviews | Rheumatology Under homeostatic or inflammatory conditions, microbiota can affect bone resorption at sites proximal to and distal to the site of colonization. Inflammatory conditions are often triggered by dysbiosis of microbiota, which can be associated with the outgrowth of particular phyla and species. Molecular triggers from gut microbiota cross the epithelial boundary more readily under dysbiotic and/or inflammatory conditions than during homeostasis and might eventually influence bone at distal sites, either by entering systemic circulation or by activating local adaptive immune elements, such as T helper 17 (T H 17) cells within the mucosal tissue that can transit to distal sites and therein exert their effector function. By contrast, stimuli from microbiota in the subgingival crest between the tooth and the gum act proximally on the alveolar bone that anchors teeth. Oral microbiota can also contribute to inflammatory bone loss at distal sites, such as the joints of patients with rheumatoid arthritis. Pathogen-associated molecular patterns (PAMPs) and microbiota-associated molecular patterns (MAMPs) trigger signalling pathways in innate immune cells and synovial fibroblasts that induce the production of pro-inflammatory cytokines and chemokines. These factors contribute to increased expression of receptor activator of nuclear factor-κB ligand (RANKL) and increased osteoclast differentiation and activation, which increase inflammatory bone loss at both distal sites and proximal sites.
provision of antibiotic-treated mice with short-chain fatty acids (a microbial metabolite) restored bone phenotypes (as well as serum IGF1 levels) to those of mice not treated with antibiotics 70 . The results of this study 70 that demonstrate of the effects of treatment with antibiotics or common metabolites might have important implications for the treatment of bone-related diseases.
Sex hormones, microbiota and bone. Sex hormonerelated bone loss is a widespread problem associated with osteoporosis that is triggered during menopause; however, the mechanism(s) by which hormonal changes lead to increased bone formation, increased numbers of T cells or increased levels of macrophage activation are not well understood 71 . A 2016 study demonstrated a connection between sex hormone-related bone loss and microbiota-related inflammation by examining the effects of chemical castration on germ-free mice 72 . Although induced hypogonadism caused an inflammatory immune response characterized by increased levels of TNF, IL-1β, RANKL and the chemokine CCL2 that led to heightened osteoclast activity and bone loss in SPF mice, germ-free mice that received the same induced hypogonadism did not display these phenotypes 72 . Furthermore, oestrogen promoted intestinal integrity, which prevented inflammatory microbiota-associated factors from passing through gap junctions 72 . Notably, it seems that probiotics might act in a similar manner to oestrogen in promoting osteoimmune regulation by increasing bone formation through increased T reg cell activity, increased expression of transforming growth factor β and inhibition of inflammatory cytokine production 72 .
Oral microbiome. Studies that utilize gnotobiotic animals are useful for identifying how systematic alterations to the microbiota can indirectly affect bone that is not in direct contact with mucosal tissue. By contrast, the oral microbiome provides a direct example of the interactions between microbiota, mucosal surfaces and bone. Inflammatory diseases of the subgingival tissue include periodontitis and gingivitis, and the subgingival community of microbiota consists of typically more than 500 species of bacteria under normal conditions 73 . Periodontitis results in the destruction of the alveolar bone and periodontal ligaments that make up the structure of the teeth and jaw; osteoclast-mediated bone loss leads to erosion of these structures and to eventual tooth loss 74, 75 . The key factors that control the progression and severity of periodontal disease are the production of chemokines and cytokines and the profile of immune cells that are recruited to the site of inflammation, which ultimately lead to a localized ratio of RANKL to OPG that is capable of increasing osteoclast differentiation and activity to pathogenic levels 76 . Periodontal disease is thought to be triggered by species residing within the bacterial biofilm on the tooth surface, a community that is largely made up of Gramnegative anaerobic bacteria such as Aggregatibacter actinomycetemcomitans and Porphyromonas gingivalis 75 .
Research suggests that periodontitis is the result of polymicrobial synergy and dysbiosis, in which disease is caused by and/or exacerbated by the synergistic activity of multiple bacterial species rather than the simple outgrowth of one or a few select species 77, 78 . This model of pathogenesis is characterized by the ability of a few 'keystone' pathogens to not only modulate and impair the immune response, but to also enhance the virulence of pathogenic bacteria 77 . In particular, a group of bacteria known as the 'red complex' , which contains P. gingivalis, Treponema denticola and Tannerella forsythia, is strongly associated with synergistic outgrowth at sites of inflammatory disease 79 . Population studies have identified varying frequencies of red complex species between different patient cohorts, making it somewhat unclear as to what the specific contributions or requirements for pathogenicity are for each species 78 . Studies have also been performed using gnotobiotic mice to determine the effects of systemic alterations to the microbiota on periodontal disease. A comparison of SPF mice and germ-free mice matched for sex and age showed that the germ-free mice had fewer RANKL + and IL-17 + cells in the periodontium and less associated alveolar bone erosion than the SPF mice, which suggests that in the absence of inflammation or dysbiosis, the oral microbiota might still erode bone locally over time 80 . As understanding of the osteoimmune mechanisms of pathogenesis in periodontal disease grows, the research community is beginning to appreciate that periodontal disease might have systemic effects in other diseases with strong associations with microbiota and bone loss, such as RA 81 .
Innate immunity and bone loss
Innate immune signalling pathways. For cellular activators and promoters of osteoimmunologic bone loss, such as T H 17 cells, to develop, typically there must first be an inflammatory trigger(s) 82, 83 . Microbiota produce many molecular triggers of inflammation, such as PAMPs and MAMPs 84 , which initiate signalling pathways that can act either directly or indirectly (by inducing the production of inflammatory cytokines by myeloid cells) on bone. The ways in which microbiota-associated stimuli might initiate pathways that eventually lead to cell-mediated and cytokine-mediated pathology are currently of great interest. Innate immune signalling pathways have been intensely studied for the past few decades, and various types of pattern-recognition receptors have been identified that are specific for various PAMPs or MAMPs 84 . The best-characterized group of pattern-recognition receptors are the TLRs, which are expressed on innate immune cells and some tissue-resident cells, as well as on bone cells such as osteoclasts and pre-osteoclasts 82 . TLR ligands include various microbiota-derived components, including lipoprotein (TLR1, TLR2 and TLR6), lipopolysaccharide (TLR4), flagella (TLR5), and bacterial cytosine-phosphate-guanine DNA (TLR9), and can exert a diverse array of effects on bone and immune cell-bone interactions, primarily by increasing the expression of RANKL on various cells and inducing the production of pro-osteoclastogenic cytokines such as TNF and IL-1β 84 . In addition to de novo transcription of IL1B, IL-1β maturation is promoted by inflammasomes (intracellular protein complexes that activate the caspase-1 cascade), which are mainly found in myeloid cells, including osteoclasts, but which have also been detected in osteo blasts [85] [86] [87] [88] . A variety of upstream activators of inflammasomes exist, including receptors that respond to external stimuli. One such class of stimulus is extra cellular nucleotides, such as ATP, which might be present in the extracellular space as a result of tissue damage or as a by-product of microbiota growth and turnover 89, 90 . ATP is also released by cultured osteoblastic cells via homeostatic mechanisms and as a result of mechanical loading 91 , and has been implicated in alveolar bone loss caused by oral microbiota-triggered inflammatory processes 90, 92 . Dephosphorylation of extracellular ATP through bone cell-associated mechanisms produces ADP and AMP, which themselves regulate inflammatory processes in bone 93 .
Purinergic signalling pathways. Purine signalling is one of the most primitive intercellular signalling systems and was originally identified as a key factor in neuron biology, but is now recognized as an important pathway in immunity and inflammation [94] [95] [96] . Purines such as ATP, ADP and AMP bind to and signal through purinergic receptors that belong to two families: the P2X receptors (seven known family members), which are ligand-gated ion channels, and the P2Y receptors (eight known family members), which are G-protein coupled receptors 97 . In bone cells, as in other cells, purinergic receptor signalling is regulated, in part, through the heteromeric coupling of different family members, and through the regulation of expression of different family members, which exhibit distinct sensitivities for ligand binding 92, 97 . Additionally, the conversion of ATP to ADP and AMP alters ligand binding and receptor avidity, thereby changing ion fluxes and potentially altering signalling outcomes that control biological functions.
In bone, the receptor P2X7 has been the most closely studied, although its role in bone remains incompletely understood. Reports suggest that P2X7 might be involved in regulating osteoclast cell fusion 92 ; in one study, the use of various P2X7 antagonists showed a dose-dependent inhibition of the generation of multinucleated osteoclasts in vitro 98 . The results of another study suggested that P2X7 acted on osteoclast development by regulating ATP release 99 . In addition, P2X7 deficiency altered the response of bone to mechanical loading and fluid shear stress; the release of prostaglandin E2 in response to these forces was significantly reduced in P2rx7 −/− mice 100 . These findings are important when viewed in the context of data showing that mechanical stress also regulates ATP release 91 . However, although differentiating osteoclasts lacking P2X7 showed defective fusion in vitro, P2rx7 −/− mice exhibited normal osteoclast multi-nucleation in vivo 101, 102 . Notably, researchers reported a decrease in total and cortical bone content in at least one strain of P2rx7 −/− mice 102 . These findings suggested that the role for P2X7 in osteoclasts might be context-dependent, or that external factors or conditions might affect the role of P2X7 in bone biology. Differences between the bone cell phenotypes observed in vitro and in vivo in the context of P2X7 deficiency might also suggest that P2X7 has roles in multiple cell types, the physiologic interactions of which cannot be faithfully replicated in a culture dish.
In a 2017 study that utilized P2rx5 −/− mice, the purinergic receptor P2X5 was shown to be required for the formation of large, multi-nucleated osteoclasts in vitro, and for lipopolysaccharide-induced inflammatory bone loss in vivo 103 . Interestingly, the expression of P2X5 was highly induced specifically during the maturation phase of osteoclast development 103 , suggesting that P2X5 might be a suitable target for preventing bone loss without affecting bone formation. Although P2X5 might not be a key purinergic receptor in inflammatory bone loss per se, this study 103 further highlights the importance of purinergic pathway regulation in general for controlling inflammatory conditions (FIG. 3) . Purinergic signalling pathways could possibly be a suitable treatment target for those patients with RA who do not respond well to currently available therapies. ATP signalling pathways are particularly important for the formation of the mature forms of IL-1β and IL-18, important factors in RA pathogenesis 104, 105 . Ex vivo treatment of human blood with either ATP or the potassium ionophore nigericin resulted in increased levels of secreted IL-1β and IL-18, but not of TNF 106 . P2X7 is also expressed on synoviocytes from the joints of patients with RA, and P2X7 signalling regulates IL-6 release from these cells 107 . Seemingly, P2X7 signalling might also promote joint-related pathogenesis by controlling the release of cathepsins from macrophages, as shown in human and murine cells in vitro 108 . Regarding attempts thus far to specifically target P2X7 in the context of RA, the P2X7 antagonist AZD9056 ameliorated joint inflammation and bone destruction in streptococcal cell wall-induced arthritis in rats; however, clinical trials of P2X7 inhibitors in patients with RA have failed to show evidence of altered disease progression [109] [110] [111] . Therefore, although purinergic signalling might have an important role in the intersection between bone and inflammation, and might be relevant to specific conditions such as RA, it seems to be important to consider molecules that target P2X receptor pathways in general, and/or that can be combined with established treatments such as TNF inhibitors. Overall, the examples highlighted indicate that purinergic signalling pathways require additional study before their role in the regulation of inflammation and bone is fully understood.
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Immune regulation by bone cells
Although interactions between bone and the immune system have been studied in depth in the context of maintenance of haematopoietic and/or lymphopoietic cells, as well as in inflammatory diseases and postmenopausal osteoporosis, the majority of discussions have focused on how adaptive immune responses affect bone. However, mounting evidence has revealed that the reverse also occurs: bone cells regulate immune cells, a concept that is consistent with the established role of the bone marrow in the development and homeostasis of the immune system. In this section, we focus on active regulation of immune cells by bone cells as an emerging feature of current investigations into osteoimmunology.
Maintenance of haematopoietic cells
Osteolineage cells arise from multipotent mesenchymal progenitor cells and eventually give rise to osteoblasts and osteocytes. Mature osteoblasts line the inner surface of bone and represent a mature direct derivative of mesenchymal reticular stromal cells. Although the primary function of the osteoblast is the secretion of a matrix that can be mineralized extracellularly, osteoblasts can also act as regulatory elements within the bone marrow in the maintenance of the haematopoietic system. Osteoblasts produce a number of cytokines that are implicated in haematopoietic stem cell (HSC) regulation, including granulocyte colony-stimulating factor (G-CSF), IL-1, IL-6, IL-7, thrombopoietin, angiopoietin 1 and the chemokine CXCL12 (REF. 112 ). Osteoblasts also express many types of adhesion molecules, such as vascular cell adhesion molecule 1 (VCAM1), intercellular adhesion molecule 1, annexin II, N-cadherin, CD44 and CD164, that might facilitate interactions within the HSC niche 112 . Although it has previously been suggested that osteoblasts fulfil their key role in the regulation of HSCs by providing a supportive niche for HSCs to develop, the current suggestion is that osteoblasts contribute in a limited way to HSC maintenance, as osteoblast numbers do not consistently correlate with numbers of HSCs 113 . In addition, conditional deletion of CXCL12 or Kit ligand (also known as stem cell factor) from mature osteoblasts had no effect on HSCs [114] [115] [116] . Furthermore, primitive osteolineage cells express higher levels of Kit ligand and CXCL12 and provide better support to HSCs than differentiated osteo lineage cells 117 , suggesting that immature osteolineage cells are required for HSC maintenance.
Cumulative evidence indicates that signals derived from the mature osteoblastic niche are required for the maintenance of lymphoid progenitor cells and for balanced B cell and T cell generation. The dependence of B cell development on osteoblasts was established in vivo by the conditional ablation of osteoblast lineage cells in Col2.3Δtk transgenic mice 118, 119 , which resulted in a loss of HSCs 118 and a rapid reduction in the number of B cells 119 , demonstrating that osteoblasts support B cell commitment and differentiation from HSCs. Notably, this developmental process requires direct physical interaction between HSCs and osteoblasts via VCAM1 and local secretion of IL-7 and CXCL12. Parathyroid hormone (PTH) stimulates osteoblasts through its receptor PTH-related peptide receptor (PPR). Specific genetic deletion of the G-protein subunit G S α (a major downstream mediator of PPR signalling) in osteoblasts resulted in a decrease in the number of B cell precursors in the bone marrow, in addition to a decrease in trabecular bone 120 . The reduction of B cell precursors was attributed to a decreased production of IL-7 by osteoblasts 120 . These findings confirm that osteoblasts are part of a specific B cell niche within the bone marrow. The contribution of osteoblasts to T cell development has also been studied. Specific deletion of osteoblast lineage cells in osteo calcin-Cre or osterix-Cre transgenic mice crossed to iDTR mice (in which cell populations can be ablated by systemic diphtheria toxin administration) produced a marked reduction in progenitor cells capable of becoming T cells, and also of thymus-homing receptor expression among bone marrow haematopoietic cells 121 . The decreased number of T cell precursors, and subsequent decreased generation of mature T cells, was attributed to disrupted Notch receptor signalling through Delta-like protein 4, which is produced by osteoblast lineage cells 121 .
Together, these reports demonstrate the importance of osteoblast lineage cells for lymphopoiesis in the bone marrow (FIG. 4) .
Osteocytes, another type of osteolineage cell, have also been implicated in the regulation of haematopoiesis. G-CSF is a haematopoietic cytokine with a well-characterized capacity to mobilize HSCs from the bone marrow to the blood. Mice that lack osteocytes or that have a disrupted osteocyte network have comparable numbers of HSCs in the bone marrow but fail to mobilize HSCs in response to G-CSF 122 , suggesting a role for osteocytes in creating a specific niche for HSCs. Osteocytes might also be involved in myelopoiesis. Specific genetic deletion of the G-protein subunit G S α in osteocytes caused increased G-CSF production by osteocytes, which resulted in dramatic expansion of cells of the myeloid lineage 123 , suggesting that osteocytes might contribute to the maintenance of bone homeostasis by providing a niche for myelopoiesis (FIG. 4) .
Unlike osteoblasts and osteocytes, osteoclasts are derived from HSCs. Several reports have shown that osteoclasts are involved in the retention and mobilization of haematopoietic cells by maintaining bone microenvironments 124, 125 , but are dispensable for HSC regulation 126 . However, it remains unclear whether osteoclasts are actively required for immune cell regulation.
Acute immune responses
Pathogenic viral and bacterial infections can disrupt bone homeostasis by perturbing osteoblast functions and triggering bone loss 127, 128 . Although haematopoiesis and bone marrow dynamics are highly reactive to challenge with infectious agents, relatively few experimental studies have addressed how pathogenic infections and the ensuing inflammatory responses directly affect the composition, structure and function of immune cells in the bone marrow stroma.
Pathogenic insults can disrupt immune homeostasis by selectively affecting osteoblast survival. In a murine model of sepsis (a host inflammatory response to polymicrobial systemic infection that is associated with high mortality) cecal ligation and puncture induced the acute ablation of bone-lining osteoblasts and led to rapid bone loss 129 . Numbers of B cells, T cells and common lymphoid progenitor cells were decreased in these mice, whereas the numbers of long-term and shortterm HSCs and common myeloid progenitor cells were increased 129 . This lymphopenia was caused by diminished IL-7 production by osteoblasts 129 , confirming that osteoblast-derived IL-7 has a crucial role in the regulation of lymphocyte development. Sepsis-induced acute ablation of osteoblasts is TLR-independent, but is mediated by G-CSF 129 , which is often induced during infection 130 . Interestingly, sepsis-induced lymphopenia can be ameliorated by the stimulation of osteoblasts with PTH, which induces IL-7 expression by osteoblasts 129 . These observations tentatively recommend osteoblasts as a potential therapeutic target in sepsis-induced lymphopenia (FIG. 4) .
Tissue-specific RANKL RANKL is produced by a variety of cell types in response to many different stimuli. Tissue-specific deletion of RANKL in mouse models reveals that RANKL exerts unique context-dependent effects depending on which cells it is expressed by. For example, lymphocytes, a source of RANKL, have important effects on bone, as demonstrated by sex hormone deficiency-induced bone loss (such as the bone loss that occurs after menopause or after gonadectomy). Ovariectomy, a mouse model of oestrogen deficiency, alters in vivo levels of RANKL by inducing increased numbers of RANKL + lymphocytes 131 . Although both T cells and B cells are reported to be involved in such bone loss, the functional relevance of lymphocyte-derived RANKL in this bone loss is controversial. In mouse models of bone loss, T cells augment osteoclastogenesis as a peripheral effect of increased T cell proliferation and production of TNF and, possibly, RANKL 132, 133 ; however, these results have yet to be fully corroborated 134 . Increased production of RANKL by T cells also occurs in postmeno pausal women 135, 136 . In addition, ablation of RANKL specifically in B cells or T cells using conditional knockout mice has revealed that RANKL produced by B cells, but not T cells, contributes to bone loss by inducing osteoclastogenesis 137 (FIG. 5) . Reportedly, a lack of mature B cells does not prevent bone loss 138 , which suggests that RANKL derived from immature B cells, as opposed to mature B cells, might be the key contributor to excess generation of osteoclasts in the context of oestrogen deficiency. Additional studies are required to clarify the specific requirements for lymphocyte-derived RANKL in oestrogen deficiency-induced bone loss. Notably, deletion of RANKL from T cells does not alter the abundance of T cells in the bone marrow, whereas the deletion of RANKL from B cells does alter the abundance of B cells in the bone marrow 137 , suggesting that RANKL functions in an autocrine manner to promote B cell maturation. However, B cells develop normally in mice that have B cell-specific RANK deficiency 139 . Further studies are required to clarify the role of RANK signalling in the maintenance of the B cell compartment.
Osteocytes are an important source of RANKL for osteoclastogenesis required for bone remodelling under physiological conditions 140, 141 . Osteocyte-derived RANKL participates in oestrogen deficiency-induced bone loss by indirectly regulating B cell development 142 , and is required for osteoclastogenesis not only in intact mice, but also in mice that have undergone ovariectomy. Increased numbers of osteoclasts enhance osteo blast activities through a phenomenon known as coupling, and the activated osteoblasts provide factors such as IL-7 and CXCL12 that support B cell development (FIG. 5) . Mouse models of oestrogen deficiency are revealing a complex set of interactions between the skeletal and haematopoietic systems that require further investigation.
In RA, RANKL + T cells extensively infiltrate the inflamed synovium, thereby contributing to the pathogenesis of RA by enhancing osteoclastogenic activity 23, 26, 143 . However, several reports suggest that T cell-derived RANKL might not be directly involved in osteoclastogenesis 28, 46, 144 . Synovial fibroblasts are another source of RANKL in the joints of patients with RA 22, 24 . A 2016 study showed that synovial fibroblast-derived RANKL is predominantly responsible for the formation of osteoclasts 145 . Specific genetic deletion of RANKL in T cells or synovial fibroblasts using Lck-Cre mice or Col6a1-Cre mice, respectively, revealed that T cell-derived RANKL is of relatively minor importance compared with synovial fibroblast-derived RANKL in bone erosion associated with collagen antibody-induced arthritis 145 . These results identify synovial fibroblast-derived RANKL as a primary driver of osteoclastogenesis in RA (FIG. 1) ; however, whether bone cells actively affect immune cells during the progression of RA, and whether these relationships can be targeted therapeutically, requires further investigation.
Conclusions
In this Review, we have focused on selected areas in which we believe that important advances have been made in our collective understanding of the relationship between bone and the immune system in the context of homeostasis and inflammation. Although the RANK-RANKL-OPG signalling axis remains the foundation for understanding bone cell-immune cell crosstalk, much important new work has involved the characterization of additional stimuli and signalling pathways that act either independently of or in concert with RANK. We have chosen to focus on purinergic and innate signalling pathways, but advances have been made in other signalling pathways that should be considered as well, particularly in the area of immune receptor-mediated regulation of bone 146 . Going forward, it will be interesting to further investigate the relationship between immune receptor tyrosine-based activation motif (ITAM)-related signalling 146 and innate signalling pathways (such as TLRs and P2X receptors) to determine how additional potential modes of cross-modulation might affect bone homeostasis or disease. It would also be interesting to investigate how the effects of these pathways integrate with the effects of microbiota on bone.
With respect to microbiota and osteoimmunology, in the future it will be important to connect what has been learned using animal models to conditions experienced by patients with bone-related diseases. In particular, it will be of interest to understand how dysbiosis of the microbiota in a distal area, such as the gut or the mouth, can affect bone health in the joints. This area of research is becoming more relevant as we begin to understand the various biological effects that microbiota-associated Figure 5 | The effects of tissue-specific RANKL on bone and the immune system. Sex hormone deficiency induces aberrant osteoclastogenesis owing to a lack of inhibition provided by oestrogen. Increased levels of osteoclastogenesis lead to enhanced osteoblastic activity via coupling, a homeostatic process in which bone resorption and new bone formation are temporally and spatially coordinated, which results in the production of chemokines and cytokines that increase the generation of B cells. B cell-derived receptor activator of nuclear factor-κB ligand (RANKL) can further enhance osteoclastogenesis. CXCL12, CXC-motif chemokine 12. Nature Reviews | Rheumatology molecular factors such as TLR ligands and extra cellular ATP can have on inflammation, immune cell development and bone homeostasis, especially considering that bone cells, such as osteoblasts, exert control over immune cell development and homeostasis in response to infection and sepsis. The picture of the osteoimmune system and the biological relationships it encompasses is becoming more complex, but with this complexity comes more opportunities to uncover previously unconsidered relationships between localized disruptions in bone and joint health and processes in distant parts of the body.
